Angiotensin II (Ang II) binds to Ang II type 1 (AT 1 ) receptor and evokes cell signaling, and subsequently stimulates vasoconstriction and cell proliferation, which eventually lead to cardiovascular disease. Since most AT 1 receptor blockers (ARBs) have molecular (differential) effects, we evaluated the specific features of candesartan and compared the abilities of candesartan and other ARBs (olmesartan, telmisartan, valsartan, irbesartan and losartan) to bind to and activate AT 1 receptors using a cell-based wash-out assay. Each ARB blocked Ang II-induced extracellular signal-regulated kinase (ERK) activation and inositol phosphate production to different degrees after wash-out. In addition, a small difference in the molecular structure, i.e. a carboxyl group, between candesartan and candesartan-7H was associated with a difference in the degree of this blocking effect. In addition, interaction between Gln 257 in the AT 1 receptor and the carboxyl group of candesartan may be partially associated with the effect of candesartan after wash-out. Although our findings regarding the molecular effects of ARB are based on basic research, these findings may lead to an exciting new area in the clinical application of ARBs.
Introduction
Angiotensin II (Ang II) is the major effector pep tide of the renin-angiotensin system. Ang II type 1 (AT 1 ) receptor blockers (ARBs) are highly selective for the AT 1 receptor, which is a member of the G protein-coupled receptor (GPCR) family, and block the diverse effects of Ang II, such as vasoconstric tion, aldosterone release, retention of sodium and water, sympathetic nerve activation and cell pro liferation. 1 Many ARBs are available for clinical use worldwide. Most ARBs have class (or com mon) effects because they have common molecular structures (biphenyl-tetrazol and imidazol groups), 2 although recent clinical studies have demonstrated that not all ARBs have the same effects. Such drug-specific effects are referred to as 'molecular (or differential) effects'. We previously reported that olmesartan, which has a hydroxyl group and a carboxyl group in addition to the common biphenyl-tetrazol structure, exhibits strong inverse agonism. 3 In addition, irbesartan which has a cyclopentyl group whereas losartan has a chloride group; showed greater binding affinity and a higher inhibition of inositol phosphate (IP) production or monocyte chemoattractant protein-1 and a higher production of adiponectin than losartan, likely due to differences in their molecular structures. 4 Thus, we also proved that small differences in the molecular structures of ARBs could lead to differences in their abilities to influence the AT 1 receptor, although the small differences in ligands for other GPCRs could lead to differences in pharmacological effects. 5, 6 ARBs may be anti-aging medicines and are used as the first drug of choice for patients with diabetes and/or metabolic syndrome. 7 In this regard, candesartan showed significantly lower all-cause mortality than amlodipine among patients with obesity (body mass index [BMI] ≥27.5 kg/m 2 ). 8 Recently, we reported that candesartan, but not a candesartan-related compound that did not contain a carboxyl group, suppressed stretch-induced AT 1 receptor activation through binding of the carboxyl group of candesartan to the specific residues of the receptor. 9 Therefore, to evaluate more specific features of candesartan, we compared the abilities of candesartan and other ARBs (olmesartan, telmisartan, valsartan, irbesartan and losartan) to bind to and modulate AT 1 receptor function using a cellbased wash-out assay.
Methods

Materials
The following reagents and antibodies were purchased or provided: ARBs, candesartan, olmesartan, irbesartan, valsartan, telmisartan and losartan (Toronto Research Chemicals Inc., Ontario, Canada), and a derivative of candesartan (candesartan-7H), which lacks a carboxyl group at the benzimidazole ring (kindly provided by Takeda Pharm. Co. Ltd. Osaka, Japan), Ang II (Sigma-Aldrich, MO, USA), 125 
Mutagenesis and expression of the AT 1 receptor and membrane preparation
The synthetic wild-type (WT) AT 1 receptor gene, cloned in the shuttle expression vector pMT-3, was used for expression and mutagenesis, as described previously. 10 
Cell cultures, transfections, and membrane preparation
COS1 cells were cultured and maintained in 10% fetal bovine serum (FBS) and penicillin-and streptomycinsupplemented Dulbecco's modified Eagle's essential medium (Invitrogen) in 5% CO 2 at 37°C. In the experiments, cells that were not treated with cell-growth supplement were used. Cell viability in control experiments was >95% by a trypan blue exclusion analysis. The AT 1 WT and mutant receptors were transiently transfected into COS1 cells using Lipofectamine 2000 liposomal reagent (Roche Applied Science) according to the manufacturer's instructions. Cell membranes were prepared by the nitrogen Parr bomb disruption method in the presence of protease inhibitors.
Competition binding study
The K d values of receptor binding were determined by 125 -[Sar 1 , Ile 8 ]Ang II -binding experiments under equilibrium conditions as described previously. 10 
Percentage of AT 1 receptor occupied by ARB after wash-out
Prepared cell membranes expressing the AT 1 WT and mutant receptors were incubated for 30 minutes at 22°C with or without the indicated concentrations of ARBs. After the membranes were washed-out one to four times with the use of excess cold phosphate buffer, they were centrifuged for 10 minutes at 16,000g at 4°C. The membranes were used in the assay for the specific binding of 125 -[Sar 1 , Ile 8 ] Ang II for 30 minutes at 22°C. The percentage (%) of AT 1 receptor occupied by ARB was calculated by the following formula: 100 -{1 -[(specific binding using cell membrane without ARB treatment with no wash-out) -(specific binding using cell membrane with ARB treatment at the indicated wash-out times) / (specific binding using cell membrane without ARB treatment with no wash-out) -(specific binding using cell membrane with ARB treatment with no wash-out)]} × 100 (%).
Inositol phosphate production and extracellular signal-regulated kinase activation after wash-out
Cells expressing the AT 1 WT and mutant receptors were grown and incubated with or without 1 microM of ARBs for 30 minutes at 37°C in 5% CO 2 . After the cells were washedout once with the use of excess Hank's balanced salt solution, they were incubated with or without 0.1 microM of Ang II for 10 minutes at 37°C in 5% CO 2 . The cells were used in the assay for inositol phosphate (IP) production and extracellular signal-regulated kinase (ERK) activation. Total soluble IP was measured by the perchloric acid extraction method, as described previously. 10 In addition, Western blotting was performed to detect ERK activation. Cytoplasmic fractions were prepared as described previously. 11 Equal amounts of samples on a protein basis were resolved on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Western blot analysis was performed with primary antibodies as specified in each case. Horseradish peroxidase-conjugated secondary antibody and an enhanced chemiluminescent substrate system were used for detection. The signal was independently quantified by a digital image-analysis system.
Statistical analysis
The results are expressed as the mean ± standard deviation of three or more independent determinations. Significant differences in measured values were evaluated with an analysis of variance using Fisher's t-test and paired or paired Student's t-test, as appropriate. Statistical significance was set at <0.05.
Results
% AT 1 WT receptor occupied by ARBs after wash-out
We previously reported that the K d values of ARBs for the AT 1 receptor ranged from 1.9 nM to 7.3 nM (within the same order of magnitude), except for losartan (10.6 nM). 8, 9 After the 1st wash-out ( Figure 1A ), 1 mM candesartan (86 ± 9%) and olmesartan (82 ± 3%) showed significantly higher % AT 1 WT receptor occupied by ARBs than 1 mM of the other ARBs. In addition, the percentage values by candesartan were significantly higher than those of olmesartan (83 ± 1% versus 79 ± 2%, 76 ± 2% versus 65 ± 5% and 76 ± 3% versus 57 ± 5%, after the second, third and fourth wash-outs, respectively). Since these results indicated that candesartan is the strongest ARB in terms of binding to AT 1 receptor and resistant to wash-out, we analyzed the importance of small differences in the chemical structure. We used 1 mM candesartan and candesartan-7H, candesartan-7H could not bind to AT 1 receptor ( Figure 1A , dotted line), indicating that the carboxyl group of candesartan is an important chemical structure that allows it to bind to AT 1 receptor. Next, we analyzed concentration-dependent binding of candesartan or candesartan-7H to bind to AT 1 receptor after the first wash-out ( Figure 1B) . Both candesartan and candesartan-7H showed a decrease in binding to AT 1 receptor after wash-out in concentration-dependent manner.
% AT 1 mutant receptors occupied by ARBs after wash-out
We previously indicated that Gln 257 in the AT 1 mutant receptor is an important binding site of the carboxyl group of candesartan for inducing the insurmountable antagonism of candesartan. 12 In addition, the carboxyl group of candesartan has been shown to bind to Gln 257 in TM6 and to Thr 287 in TM7, and these interactions might be critical for blocking stretch-induced AT 1 receptor activation. 8 Therefore, we analyzed whether Gln 257 and Thr 287 were also critical for the ability of candesartan to bind to AT 1 receptor after wash-out, and changed Gln 257 and Thr 287 to Ala (Q257A and T287A) ( Figure 1C and D) . The % AT 1 Q257A receptor occupied by candesartan after one to four wash-outs was significantly lower than that with the AT 1 WT receptor ( Figure 1C ), whereas the % AT 1 T287A receptor occupied by candesartan after the first wash-out was not significantly lower than that with the AT 1 WT receptor ( Figure 1D ). Although the % AT 1 T287A receptor occupied by candesartan after 2-4 wash-outs was significantly lower than that with the AT 1 WT receptor, the differences were much less than those in the case of AT 1 Q257A receptor. Interaction between the carboxyl group of candesartan and Gln 257 in the AT 1 WT receptor is critical for the ability of candesartan to bind to AT 1 receptor after wash-out.
ERK activation and IP production with various ARBs in the AT 1 WT receptor
Since ARBs block the diverse effects of Ang II, such as vasoconstric tion and cell pro liferation, we analyzed ERK activation and IP production without wash-out or with the first wash-out using various ARBs with the AT 1 WT receptor ( Figure 2 ). As shown in Figure 2A , while all of the ARBs at 1 µM except for losartan completely blocked 0.1 mM Ang II-induced ERK activation without wash-out. Next, we analyzed IP production ( Figure 2B ). While some ARBs (irbesartan, losartan, telmisartan and valsartan) at 1 µM did not completely block 0.1 mM Ang II-induced IP production without wash-out, this was completely blocked by candesartan and olmesartan. Candesartan and olmesartan also blocked Ang II-induced IP production after the first wash-out.
ERK activation and IP production using candesartan and candesartan-7H in the AT 1 WT receptor
We analyzed the importance of the carboxyl group of candesartan for blocking Ang II-induced ERK activation and IP production ( Figure 3 ). We found that 1 mM candesartan-7H did not completely block 0.1 mM Ang II-induced ERK activation without wash-out ( Figure 3A) . The level of Ang II-induced ERK activation without ARB was the same as that with candesartan-7H after the first wash-out, which indicated that after wash-out, candesartan-7H does not block AngII-induced ERK activation by AT 1 receptor. Moreover, Ang II-induced IP production was not blocked by 1 mM candesartan-7H without wash-out ( Figure 3B ). Ang II-induced IP production was not blocked by 1 mM candesartan-7H after the 1st wash-out, suggesting that candesartan-7H mostly abolished the reduction of IP production before and after the first wash-out. Thus, candesartan-7H was unable to antagonize the Ang II-induced ERK activation and IP production.
ERK activation and IP production using candesartan and candesartan-7H with the AT 1 Q257A receptor
Since we found that Gln 257 in the AT 1 WT receptor is critical for the ability of candesartan to bind to AT 1 receptor after wash-out, we analyzed ERK activation and IP production using candesartan and candesartan-7H with the AT 1 Q257A receptor (Figure 4 ). Although 1 mM candesartan significantly blocked 0.1 mM Ang II-induced ERK activation before and after the first wash-out, it was not completely blocked by candesartan ( Figure 4A ). The level of Ang II-induced ERK activation with candesartan after the first wash-out was about 60% of the level without candesartan. Ang II-induced IP production was not completely blocked by 1 mM candesartan without wash-out ( Figure 4B ). As without wash-out, Ang II-induced IP production was not blocked by candesartan after the first wash-out. Thus, candesartan only partially antagonized the ERK activation and IP production before and after the first wash-out in AT 1 Q257A receptor, which indicated that Gln 257 in the AT 1 WT receptor plays an important role in the effect of candesartan.
Discussion
Ang II binds to AT 1 receptor and evokes cell signaling, and subsequently stimulates vasoconstriction and cell proliferation, which eventually lead to cardiovascular disease. In this article, we have provided direct evidence that ARBs block Ang II-induced ERK activation and IP production to different degrees after wash-out. In addition, the small difference in the molecular structures of candesartan and candesartan-7H led to a difference in their blocking effects. Furthermore, interaction between Gln 257 in the AT 1 receptor and the carboxyl group of candesartan may be partially associated with the blocking ability of candesartan after wash-out.
We previously reported that the carboxyl group of candesartan was a critical molecular structure for the blockade of stretch-induced AT 1 receptor activation. 12 We also indicated that the carboxyl group of olmesartan was an important structure for inverse agonism. 3 In addition, the insurmountable behavior of ARBs such as candesartan, olmesartan and Exp3174 (an active metabolite of losartan) is thought to be associated with the carboxyl group 13, 14 because ARBs that do not contain this group (candesartan derivatives and losartan) do not exhibit insurmountable antagonism. 13, 15 Thus, if ARBs have a carboxyl group, this small difference in the molecular structure evokes different pharmacological properties, such as the blockade of stretchinduced activation, insurmountability and inverse agonism toward AT 1 receptor. Moreover, there is a common critical position in the AT 1 receptor as an acceptor for the carboxyl group of candesartan. The carboxyl group of candesartan stably forms two hydrogen bonds with the side chains of both Gln 257 and Thr 287 and blocks stretch-induced AT 1 receptor activation. 12 The presence of insurmountable antagonism appears to specifically require the binding of ARB with Gln 257 in the AT 1 WT receptor. 3 In the present study, Gln 257 was also important for the ability of candesartan because the percentage of candesartan bound to the AT 1 Q257A receptor after wash-out was significantly lower than that with the AT 1 WT receptor. Therefore, the interaction between the carboxyl group of ARBs including candesartan and Gln 257 in the AT 1 WT receptor contributed to their different abilities. On the other hand, our proposed amino acids that interact with the caboxyl group of candesartan were not the same as those published by Bhuiyan et al. 16 They indicate that the caboxyl group of candesartan possibly interacted with Lys 199 based on previous experimental data. 17 Since we could not explain the discrepant results, further studies will be needed to resolve the issue.
Six kinds of ARBs are available for clinical use in Japan. Fabia et al. 18 studied 36 reports in which blood pressure (BP) was measured using ambulatory BP monitoring for at least 24 hours. The antihypertensive activities of ARBs differed, and the magnitude of the reduction in BP did not essentially depend on the initial BP values or on the dose used. The abilities of ARBs including olmesartan, telmisartan, valsartan and irbesartan observed in the present cell-based wash-out assay were similar to the recently reported rank order of their dissociation half-lives (olmesartan > telmisartan > valsartan > irbesartan). 14 The potency of ARBs observed in the present study might be related to their dissociation rates from the AT 1 receptor. Although these basic data were not directly associated with the differential antihypertensive activities of ARBs, we believe that the different potencies of ARBs are due, at least in part, to their basic differences. (-) or with a first wash-out in the AT 1 wild-type (WT) receptor. ERK activation is shown as the ratio of ERK1/2 to p-ERK1/2, and ERK activation without treatment as a control was taken as 1.0. % Max IP production indicates 0.1 µM Ang II-induced IP production (3,800 cpm) in AT 1 WT receptortransfected cells (100%) after adjusting for basal IP production (620 cpm) without treatment in mock-treated cells (0%). AU, arbitrary unit. *p < 0.05 versus control (-).
Most ARBs have common molecular structures (biphenyl-tetrazol and imidazol groups) and it is clear that ARBs have class effects. In addition, each ARB has been shown to have a molecular effect in basic experimental studies, including our present and previous studies. 3, 4 However, it is controversial whether all ARBs have beneficial molecular effects in a clinical setting. Although the present results highlight the advantages of candesartan based only on experimental conditions, we clearly show the blockade of Ang II-induced ERK activation and IP production by ARBs after wash-out. Several recent clinical trials have evaluated the effects of ARBs on morbidity and mortality in patients with heart failure (HF). The ELITE II trial suggested that treatment with losartan is not superior to treatment with captopril. 19 In the CHARM trial, the benefits of candesartan were demonstrated in patients with HF. 20 Although there are important differences in the design and hypotheses of these trials that must be taken into account when comparing their results and interpreting their clinical impact, we should also consider whether these are class effects of ARBs. The inverse agonistic activity and blockade by ARB against Ang II-induced ERK activation and IP production after wash-out in this study might also be important for their efficacy in the long-term treatment of heart disease, such as HF including cardiac remodeling, independent of any BP-lowering effect.
In summary, many clinical reports have discussed the differences in the beneficial effects of ARBs. Some (-) or with a first wash-out in the AT 1 Q257A receptor. ERK activation is shown as the ratio of ERK1/2 to p-ERK1/2, and ERK activation without treatment as a control was taken as 1.0. % Max IP production indicates 0.1 µM Ang II-induced IP production (2,800 cpm) in AT 1 Q257A receptor-transfected cells (100%) after adjusting for basal IP production (620 cpm) without treatment in mock-treated cells (0%). AU, arbitrary unit. *p < 0.05 versus control (-). t p < 0.05 versus Ang II (+). beneficial effects conferred by ARBs may be molecular effects rather than class effects. In this study, candesartan induced more beneficial effects than other ARBs, probably due to the small difference in the molecular structures of the ARBs, and this difference evoked the specific blockade of AT 1 receptor-induced cell signaling. Although our findings regarding the molecular effects of ARBs are based on basic research, these findings may lead to an exciting new area in the clinical application of ARBs. A better understanding of the different molecular mechanisms of each ARB could be helpful in the treatment of cardiovascular disease.
